Self-assembled Cu-based coordination polymers derived from thiophene-2,5-dicarboxylic acid (Cu-TDC) and furan-2,5-dicarboxylic acid (Cu-FDC) were synthesized via a solvothermal method and their H 2 adsorption behaviour was investigated and contrasted with isophthalic acid (Cu-m-BDC) and terephthalic acid (Cu-BDC) derivatives. Both heterocyclic-based coordination polymers exhibit low surface areas (<300 m 2 g −1
Introduction
Metal-organic coordination polymers are promising candidates for hydrogen storage, gas separation and optoelectronic applications. In these materials, polyfunctional organic ligands form coordination bonds with multiple metal atoms, which may extend into one-, two-, or three-dimensional polymeric structures.
1,2 Benzenecarboxylic acids and nitrogenbased heterocyclic carboxylic acids have been well documented as useful building blocks for the construction of a wide variety of metal-organic coordination polymers. 3 More interestingly, introducing oxygen-or sulphur-containing heterocycles would endow metal-organic coordination polymers with unique physical and chemical properties. 4 To date, a systematic study on the hydrogen storage properties of heterocyclic-based metal-organic coordination polymers has not been reported. Thiophene-2,5-dicarboxylic acid (H 2 TDC) and furan-2,5-dicarboxylic acid (H 2 FDC) are two basic representatives of the heterocyclic dicarboxylic acid family. Owing to the larger radius of the S atom, as compared to C, N, and O, its one pair of electrons can easily delocalize over the heterocyclic ring, and as a ligand thiophene-2,5-dicarboxylic acid exhibits good charge-transfer ability. Furan-2,5-dicarboxylic acid, on the other hand, is of interest for similar reasons but in particular because it is considered to be a bio-renewable building block in the formation of polymers from biomass. We have selected copper(II) as the cation because Jahn-Teller distortions will weaken the bonding of solvent molecules at the axial sites. The resulting open metal sites and the Cu δ+ -O δ− dipoles on the surface generated upon removal of these solvent molecules will result in an enhancement of the local interaction energy for hydrogen. 5 In the present work, we have synthesized Cu-based coordination polymers derived from thiophene-2,5-dicarboxylic acid (H 2 TDC) and furan-2,5-dicarboxylic acid (H 2 FDC). Cu-based coordination polymers based on terephthalic acid (Cu-BDC) and isophthalic acid (Cu-m-BDC) were also prepared as reference materials because they don't contain a transverse dipole moment and this series allows us to investigate the role of the exocyclic bond angle (θ) of the dicarboxylate linker shown in Scheme 1. Herein we report on the structural characteristics, stability and hydrogen storage properties of this series of Cu-based coordination polymers. 
Synthesis
Synthesis of Cu-TDC. In a 20 mL vial, 23.7 mg (0.10 mmol) of Cu(NO 3 ) 2 ·2.5H 2 O and 23.0 mg (0.13 mmol) of thiophene-2,5-dicarboxylic acid were dissolved in DMF/H 2 O/EtOH (1.5 mL/0.25 mL/0.5 mL). The vial was placed into a preheated oven and kept at 80°C for 24 h. Blue crystals were collected and washed with DMF and EtOH, then vacuum dried overnight at 25°C. The product (23.5 mg) was labeled Cu-TDC and stored in a glove box.
Synthesis of Cu-FDC. In a 20 mL vial, 22.3 mg (0.096 mmol) of Cu(NO 3 ) 2 ·2.5H 2 O and 21.4 mg (0.14 mmol) of furan-2,5-dicarboxylic acid were dissolved in DMF/H 2 O/EtOH (1.5 mL/ 0.5 mL/0.5 mL). The vial was placed into a preheated oven and kept at 80°C for 24 h. Blue crystals were filtered and washed with DMF and EtOH, then vacuum dried overnight at 25°C. The product (25.0 mg) was labeled Cu-FDC and stored in a glove box.
Synthesis of Cu-BDC. 0.6958 g (3.0 mmol) of Cu(NO 3 ) 2 ·2.5H 2 O and 0.4979 g of terephthalic acid (3.0 mmol) were dissolved in 60 mL of DMF. The solution was placed in a preheated oven at 110°C for 36 h. The product was collected as a blue powder and washed with DMF (2 × 30 mL), followed by heating at 60°C under vacuum overnight. The product (0.54 g) was labeled Cu-BDC and stored in a glove box.
Synthesis of Cu-m-BDC. 0.5598 g (3.37 mmol) of isophthalic acid and 0.7601 g (3.27 mmol) of Cu(NO 3 ) 2 ·2.5H 2 O were dissolved in a mixed solution of DMF-EtOH (60 mL/20 mL). The solution was placed into a preheated oven at 80°C for 24 h. The blue crystals were washed with DMF-EtOH mixture (3 : 1) (3 × 20 mL) and dried at r.t. under vacuum for 7 h. The product (0.42 g) was labeled Cu-m-BDC and stored in a glove box.
Activation. The samples were activated using the following methods. A -CHCl 3 -exchange (SE(CHCl 3 )): under an inert atmosphere, Cu-TDC was extracted three times with fresh CHCl 3 (2 mL for 15 h, 2 mL for 9 h, 2 mL for 15 h) and dried under vacuum at room temperature overnight and at 60°C for 3 days. The activated samples were denoted as Cu-TDC-SE(CHCl 3 ). The CHCl 3 -exchange was also employed for activating the Cu-FDC and Cu-m-BDC samples. The resulting samples were denoted as Cu-FDC-SE(CHCl 3 ) and Cu-m-BDC-SE(CHCl 3 ), respectively. B -EtOH-exchange (SE(EtOH)): under an inert atmosphere, 200 mg of Cu-m-BDC or Cu-BDC was extracted two times with absolute EtOH (20 mL for 15 h, 20 mL for 14 h) and dried under vacuum at room temperature overnight and at 45°C for 20 h. The activated samples were denoted as Cu-m-BDC-SE(EtOH) and Cu-BDC-SE(EtOH), respectively. C -Freeze-drying (FD): about 400 mg of a fresh sample was placed in a Schlenk tube and washed with CH 2 Cl 2 (10 mL × 3) and benzene (8 mL × 2), followed by immersing in 10 mL of benzene overnight. The tube was placed into an ice-water bath (0°C). After three freeze-thaw cycles, the sample was evacuated in an ice-water bath for 24 h. The sample was kept under vacuum at room temperature for 24 h and at 60°C for 24 h. The samples activated via this freeze-drying process were labeled Cu-TDC-FD, Cu-FDC-FD and Cu-m-BDC-FD.
Characterization
Single-crystal X-ray structure determination of Cu-TDC. at a temperature of 150(2) K. Intensity data were integrated using the SAINT software. 6 Absorption correction and scaling were performed based on multiple measured reflections using SADABS (0.65-0.75 correction range). . Geometry calculations and checking for higher symmetry were performed using the PLATON program. Single-crystal X-ray structure determination of Cu-FDC. were measured on a Bruker Kappa ApexII diffractometer with a sealed tube and a Triumph monochromator (λ = 0.71073 Å) up to a resolution of (sin θ/λ) max = 0.65 Å −1 at a temperature of 150 (2) Single-crystal X-ray structure determination of Cu-m-BDC. Intensity data were integrated using the Eval15 software.
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Absorption correction and scaling were performed based on multiple measured reflections using SADABS 7 . Geometry calculations and checking for higher symmetry were performed using the PLATON program. 9 Powder XRD, elemental analysis, TGA, BET, and H 2 adsorption XRD patterns of all samples were recorded using an X'Pert X-ray diffractometer operated at 45 kV and 40 mA with monochromatic Cu Kα radiation within a 2-theta range of 5-60°. IR spectra were collected using a PerkinElmer Spectrum 100 FT-IR Spectrometer. Elemental analyses were performed using a Thermo Scientific InterScience Flash 2000 Organic Elemental Analyzer. TGA curves were obtained using a PerkinElmer Pyris Diamond Thermogravimetric Differential Thermal/Analyzer. Samples were heated from room temperature to 600°C with a heating rate of 10°C min −1 under a dry air flow. The pore textural properties, including the BET surface area and pore volume, were recorded using a Micromeritics ASAP 2010 adsorption analyser at 77 K. Prior to the adsorption measurements, the samples were degassed in situ under vacuum at 50°C (for the samples activated by solventexchange) or at 80°C (for the samples activated by freezedrying) overnight. The dead volume of the sample cell was determined in a separate experiment. In situ pretreatment coupled to a separate dead volume measurement after the analysis was employed in order to avoid the helium entrapment phenomenon. The weight of a sample obtained after the pretreatment was used in various calculations. BET surface areas were calculated in the adapted pressure range of P/P 0 = 0.01-0.1. Hydrogen storage measurements in the low-pressure range (<2 bar) were performed on a Sievert's setup at 77 K and 100 K. Prior to the measurement, the samples activated by solvent-exchange were pretreated under high vacuum (10 −6 mbar) at 25°C for 1 day. The samples activated by freeze-drying were pretreated under high vacuum (10 −6 mbar) at 80°C for 1 day. Hydrogen (ultra-high-purity grade, 99.999%) was additionally purified by leading it over a bed of zeolite spheres at 77 K before being loaded onto the samples. The pressure change was monitored and recorded after the hydrogen reservoir was connected to the sample holder. The samples were weighed in a glove box after the measurements for calculating the hydrogen uptake capacities. The amount of hydrogen stored in the dead volume was examined using sea sand as a reference. The hydrogen uptake capacities of all samples were obtained by subtracting the amount of hydrogen in the dead volume from the total amount of hydrogen released from the reservoir.
Results and discussion

Crystal structures
The structures of Cu-TDC (Fig. S1-S6 and Table S1 -S3 †), Cu-m-BDC (Fig. S7-S8 †) , and Cu-BDC are similar to those ¶ Derived values do not include the contribution of the disordered solvent molecules. They also do not include the H atoms of the water molecules.
reported before. [12] [13] [14] Their detailed structures were described in the ESI †.
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The new Cu-based coordination polymer composed of furan-2,5-dicarboxylate (Cu(FDC)(H 2 O)) crystallizes in the monoclinic space group C2/m (no. 12) with one Cu-center on a mirror plane and one Cu-center on a general position. The asymmetric unit contains 1.5 Cu 2+ ions, 1.5 FDC ligands and 1.5 coordinated H 2 O molecules (Fig. 1 ). Cu1 and water oxygen O1 are located on the mirror plane x, 0.5, z and oxygen O5 of a FDC ligand is located on the mirror plane x, 0, z. Due to the deprotonation of all carboxylates the FDC ligands are dianionic. The carboxylate groups are bridging two copper ions into a Cu 2 O 8 C 4 unit, which is similar to that in Cu-TDC. Because of the lower symmetry than that in Cu-TDC, there are two independent Cu 2 O 8 C 4 units with C 2h and C i symmetry, respectively, and the Cu-Cu distances in Cu-FDC are 2.6518(6) and 2.6782(5) Å. A simplified representation of the cluster is shown in Fig. S9 . † There are four carboxylate bridges for every Cu 2 unit. In the Cu-FDC structure, the sixth coordinated position at each Cu ion is occupied by a water molecule. The Cu-O distances of the water ligands are longer than the carboxylate distances. Both independent Cu centers are in distorted octahedral environments. Selected bond distances and angles are given in Table S4 . † The furan cores of the FDC ligands link the Cu 2 dimers into an infinite two-dimensional network in the crystallographic (2,0,1) plane (Fig. 2) . The Cu ions occupy the corners of triangles. The Cu⋯Cu distances between the corners vary between 8.2732 (7) Cu-FDC contains coordinated water molecules, which can act as hydrogen bond donors. The acceptors for these hydrogen bonds are not part of the framework structure but are located in the solvent area. In the framework there is only one weak C-H⋯O hydrogen bond linking the stacked 2D layers. Furan carbon atom C32 is the donor of the hydrogen bond and carboxylate oxygen O11 is the acceptor (Fig. 3 and Table S5 †).
The crystal structure of Cu-FDC contains large solvent accessible voids. PLATON calculates a volume percentage of~58% for these voids (Fig. 4) .
The exocyclic angles of m-H 2 BDC, H 2 FDC, H 2 TDC, and H 2 BDC are 120°, 125°, 148°and 180°, respectively. Except for m-H 2 BDC, the diacids H 2 TDC, H 2 FDC and H 2 BDC react with Cu ions and form structures with similar architectures. It seems that the exocyclic angle is in fact not very critical in terms of determining the structural architecture of this class of Cu-base coordination polymers. Fig. 1 An asymmetric unit of the crystal structure of Cu-FDC viewed along the crystallographic c-axis. Displacement ellipsoids are drawn at the 50% probability level. Atoms Cu1, O1, and O52 are located on crystallographic mirror planes. Non-coordinated solvent molecules were treated as diffuse electron density (see Experimental section) and were omitted in the drawing. Symmetry operation i: x, −y, z. 
Structural stability
All Cu-samples (Cu-BDC, Cu-TDC, Cu-FDC and Cu-m-BDC) were activated to remove the guest solvent molecules (DMF, ethanol and water) occupying the cavities before exploring their hydrogen storage properties. Cu-TDC, Cu-FDC and Cu-m-BDC were activated via two methods: solvent-exchange (SE, solvents used: CHCl 3 or EtOH) and freeze-drying (FD). Cu-BDC was activated by heating at 225°C (H225) 14 or by solvent-exchange (EtOH as a solvent). The activated samples were characterized by IR (Fig. S10 †) , element analysis, thermogravimetric analysis (Fig. S11 †) and PXRD (Fig. 5) . The TG curves of all four samples reveal that they decompose at about 300°C (Fig. S10 †) . The PXRD results show that the structural stability of the resulting coordination polymers is strongly dependent on the activation method used. The structures of Cu-TDC and Cu-FDC were retained after freezedrying, which was confirmed by PXRD. However, poor PXRD patterns for Cu-TDC-SE(CHCl 3 ) and Cu-FDC-SE(CHCl 3 ) were observed, revealing that CHCl 3 -exchange destabilized the Cu-TDC structure and even destroyed the structure of Cu-FDC ( Fig. 5A and B) . The PXRD results indicate that both CHCl 3 -exchange and freeze-drying did not work on the activation of Cu-m-BDC. We also tried ethanol as a solvent to activate Cu-m-BDC but this appeared unsuccessful as well (Fig. 5C ). This suggests that the structure of Cu-m-BDC is unstable during the process of removing the guest molecules from the cavities. For Cu-BDC a phase transformation was observed when heated at 225°C for 22 h, which was confirmed by a different PXRD pattern of Cu-BDC-H225. The structure of Cu-BDC remained intact when the EtOH-exchange method was used (Fig. 5D) . The Cu-TDC and Cu-FDC model structures resulting from single crystal diffraction experiments yield simulated powder diffraction patterns, which show the main reflections and reflection positions that are visible in the powder diffraction pattern of the as prepared samples (Fig. 5A and B ). This confirms the structure of the as prepared materials. Deviations in peak intensities of the modeled structures and the experimental ones result from (anisotropic) motions of the linker molecules and from the adsorbed gasses or solvent remaining in the pores. The as measured and simulated XRD patterns for Cu-TDC and Cu-FDC are available in the ESI † in a larger format (Fig. S12) .
Hydrogen adsorption
Because Cu-BDC-H225, Cu-BDC-SE(EtOH), Cu-TDC-FD, Cu-FDC-FD and Cu-m-BDC-SE(EtOH) form stable structures upon activation, their hydrogen storage properties were investigated on a Sievert's setup at 77 K and below 1.5 bar and the results are shown in Fig. 6 and listed in Table 1 . Cu-BDC-H225 showed a hydrogen uptake capacity of 1.22 wt% at 77 K and 1 bar, which is the highest hydrogen uptake among this series. Cu-TDC-FD and Cu-FDC-FD showed hydrogen uptake Fig. 4 The space filling plot of the crystal structure of Cu-FDC. capacities of 0.75 wt% and 0.64 wt% at 77 K and 1 bar, respectively. Cu-BDC-ES(EtOH) and Cu-m-BDC-ES(EtOH) displayed comparable hydrogen storage capacities at 77 K and 1 bar (0.27 wt% for Cu-BDC-ES(EtOH) and 0.28 wt% for Cu-m-BDC-ES(EtOH)). The H 2 uptake experiments were repeated 3 times for each sample and the uptake was found to be reversible (Fig. S13 †) .
The low hydrogen uptake capacities of Cu-m-BDC-SE(EtOH) and Cu-BDC-SE(EtOH) can be explained by their poor porous structures (BET surface area <15 m 2 g −1 and pore volume , respectively (Table 1) . A BET surface area of~300 m 2 g −1 has to be considered very low as compared to most other physisorbents used for hydrogen storage applications and indicates a poor porous structure. We calculated the isosteric heats of hydrogen adsorption for Cu-BDC-H225, Cu-TDC-FD and Cu-FDC-FD using the ClausiusClapeyron equation with 0.2 wt% of hydrogen uptake capacity at 77 K and 100 K (Fig. S14 †) . Isosteric heats of hydrogen adsorption of 7.0, 9.2 and 7.5 kJ mol −1 were found for Cu-BDC-H225, Cu-TDC-FD and Cu-FDC-FD, respectively. These values are higher than what is found for most carboxylate-bridged frameworks (3.5-6.5 kJ mol −1 ) with high surface areas. 17 Enhancing the isosteric heat of hydrogen adsorption for porous materials is an effective way to improve their hydrogen storage performance under mild conditions at near-room temperature or low pressures. In general, the isosteric heat of hydrogen adsorption can be improved by introducing open metal sites, reducing the pore size and so on. 18 The presence of open Cu sites can explain the high isosteric heat of hydrogen adsorption for Cu-BDC-H225. Open Cu sites could be formed during the heating step by releasing the coordinating DMF molecules, which is indicated by the lack of a DMF ν(CO) band (Fig. S10 †) . The low nitrogen content of 0.23% (corresponding to 1.2 wt% of DMF) is in agreement with this statement. The theoretical value would be 4.66% and correspond to 24.3 wt% of DMF and is based on the formulae Cu(BDC)(DMF). The low heat of hydrogen adsorption (2.2 kJ mol −1 ) further substantiates our explanation for Cu-BDC-SE(EtOH), which showed a DMF content of 24.8 wt%, a value comparable to the theoretical calculated value (Fig. S10D †) . Table 1 ). The pore size is likely to play a determining role in the lowpressure hydrogen adsorption behaviour of Cu-TDC and Cu-FDC. Therefore, the pore sizes of Cu-TDC and Cu-FDC were determined using PLATON. 9 The results reveal that the pore sizes of Cu-TDC and Cu-FDC are mainly in the range of 5.4 Å to 8.0 Å. It is believed that the ideal pore size of porous materials for hydrogen adsorption is 6-7 Å, which results in an optimal interaction between the H 2 molecules and the framework, thus maximizing the total van der Waals forces acting on H 2 . 19 Moreover, the isosteric heat of hydrogen adsorption for Cu-TDC is higher than that for Cu-FDC. Considering the different heteroatoms in their structures, we propose that the stronger polarizability of the thiophene ring contributes to the higher isosteric heat of hydrogen adsorption for Cu-TDC. A similar explanation was proposed by the Yaghi group for IRMOF-20 (constructed from thieno[3,2-b]thiophene-1,5-dicarboxylate). 20 
Conclusions
In summary, a series of Cu-based coordination polymers composed of ligands with different exocyclic bond angles were synthesized. The results revealed that the exocyclic bond angle plays only a minor role in the construction of the n/a n/a n/a 8.7 0.01 0.27 2.2 a 77 K and 1 bar; The values in brackets are the calculated C-, H-, and N-values based on the structural formula determined by single crystal X-ray diffraction.
structural architecture in this series. Cu-m-BDC showed a poor hydrogen uptake capacity because its structure is destabilized during the activation procedure. The all para-substituted analogue, Cu-BDC-H225, showed a hydrogen uptake of 1.22 wt% (at 77 K and 1 bar) despite the fact that the framework exhibits a low surface area of 248 m 2 g −1
. The high isosteric heat of hydrogen adsorption for Cu-BDC-H225 (7.0 kJ mol ) and their hydrogen uptake capacities are 0.64 and 0.75 wt% at 77 K and 1 bar. Both coordination polymers display unusually high isosteric heats of hydrogen adsorption, i.e. 7.5 and 9.2 kJ mol −1 for Cu-FDC and Cu-TDC, respectively. There is no evidence for open metal sites. The high isosteric heats of hydrogen adsorption and the hydrogen uptake can be attributed to an optimal pore size (5.4-8 Å) of the said frameworks and the polarizability of the thiophene and furan building blocks.
